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Abstract

This Lecture Series will present and discuss the scientific problems of modem mathematical simulation of gas turbine engines
and their components.

Some peculiarities of complex multicomponent and multidisciplinary models for whole flow passages of bypass gas turbine
engines, core, multistage compressors and turbines, and other engine components will be studied.

Solutions of steady and unsteady problems are given using high efficiency monotone numerical methods and the theoretical
bases of these methods are presented.

Many practical results of aerodynamic and thermostress simulations for engine components are shown. These results are
compared widely with experimental data for accurate verification of developing computational codes.

This Lecture Series, endorsed by the Propulsion and Energetics Panel of AGARD, has been implemented by the Technology
Cooperation Programme.

Abrégé

Ce cycle de conférences présente et expose les problemes scientifiques posés par les modeles mathématiques des
turbomoteurs et de leurs organes.

La conférence étudiera certaines particularités des modeles complexes multicomposants et multidisciplinaires de toute la
partie de I’écoulement des moteurs 2 turbine, des modéles de compresseur 4 plusieurs étages, de turbines a plusieurs étages et
d’autres composants.

Les solutions des problémes stationnaires et instationnaires, qui sont obtenues 4 P’aide des méthodes numériques
monotoniques et les bases théoriques de ses méthodes sont présentées.

Bon nombre de résultats de simulations aérodynamiques et de contraintes thermiques des moteurs et des composants sont
présentés. Ces résultats sont comparés avec des données expérimentales pour la vérification des codes numériques
développés.

Ce cycle de conférences est p;ésenté dans le cadre du Programme de Coopération Technologique (NACC/PfP), sous I’égide
du Panel de Propulsion et d’Energétique de ' AGARD.
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Introduction and Overview

Prof. M. Ja. Ivanov,
CIAM (Central Institute of Aviation Motors)
2, Aviamotornaya St.,
Moscow, Russia, 111250

Introduction

Gas turbine engines development is directed at
thermodynamic cycle parameters growth and the
improvement of efficiency, capability and economy. For
example, in advanced aircraft gas turbine engines in
comparison with modern engines the specific weight
will be 1.5+2 times less and the efficiency will be 30+40
% better. The gas temperature in combustion chambers
of advanced engines must increase by 300 to 400
degrees. The design of these engines demands detail
understanding of physical processes in all components
and whole engine. Key fundamental enabling
technologies include advances in mathematical
modeling and computational tools. The long time and
high cost of gas turbine engines design may be
decreased essentially by wide application of numerical
gas dynamics, heat transfer, strength and burning
processes simulations.

Until recently, the use of aumerical simulation in
gas turbine technology development was limited mainly
by analysis and recommendations for improving the
characteristics of individual engine  components.
Examples include isolated blade rows or stages of fans,
compressors and turbine, intakes, nozzles and others.
The current level of development and practical
application of gas turbine components simulation is
presented, for example, in the observed papers [1-5].
Based on this level of achievement, the next phase of
mathematical modeling will certainly include simulation
of whole gas turbine engines or large multicomponent
parts (as example, model of aircraft turbofan total flow
passages [6]).

The next development phase will also involve
solving closely related multidisciplinary problems for
individual components of gas turbine engines. In such
problems simulation will include simultaneously
acrodynamics, heat-transfer, thermal-stressed,
combustion processes, and so forth. Here the typical
problem may be the thermal-stressed state of a high
temperature turbine rotor, where the external viscous
flow near blades, the internal cooling air flow into
blades, thermal and stressed state of blades are solved
simultaneously [7].

An examination of the current state of fluid
dynamics computational methods may reveal trends for

the immediate future in this field. The present move
seems to be toward a transition to monotone
conservative high order accuracy methods for
integration of Euler and Navier-Stokes equations, which
describe ideal and viscous gas flows. As a typical
example, we can indicate AGARD Lecture Series
No.140 [8], which contains 3D computational
techniques applied to internal flows in propulsion
systems up to the middle 1980s. There were widely used
numerical schemes of non high order of accuracy (the
first and the second orders). The second order accuracy
methods give oscillated solutions in regions of great
parameter gradients. In present the Lecture Series only
monotone high order accuracy methods are a lied to
solutions of internal flow problems in propulsion
systems.

Foundation for the theory of the monotone
difference schemes were laid down by the Russian
scientist S. K. Godunov in the late 1950s and the first
stage of their development was presented in monograph
[9]. Lately the term "TVD schemes" (Total Variation
Diminition schemes) has been used to designate the
monotone difference schemes. In the next lecture we
present a more strict class of following methods, which
satisfy additional conditions [5]. Highly accurate
conservative difference methods now form the basis for
constructing many effective algorithms and codes that
solve practical internal and external aerodynamic
problems.

In order to determine the advantages and
shortcomings of the computational algorithms and codes
being developed, it is necessary to test their
serviceability and make careful comparisons with
experimental data using standard model problems. Such
verification must accompany any publication of
numerical results and codes. Below we'll present this
verification for all developing computational techniques.

Another factor affecting numerical simulation is the
progress and widespread use of high efficient
supercomputers.  Until  recently  computational
techniques development was constructed mainly by the
availability of the efficient computational tools that, as a
rule, are concentrated in large scientific research centers
that grant only limited access. But the growing
availability of highly efficient minicomputers, as well as
personal computers and work stations with the latest

Paper presented at an AGARD Lecture Series on
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personal computers and work stations with the latest
RISC processors, allows us to consider new possibilities
in the development and application of numerical
simulation without the need for resorting to
supercomputers centers.

The achieved progress of numerical simulation and

computer development allows to consider the
mathematical modeling of gas turbine engines from the
new positions. The gas turbine engine simulation gets
on initial stage to obtain the large information for
engine performances on steady and transient regimes.
The steady regimes simulation includes
thermodynamics cycle calculations, the equilibrium
running line prediction, the flow passage design and the
definition of thrust-ecconomic, mass and cost
characteristics. The transient regimes simulation
includes the definition of times and performances of
unsteady process (start, acceleration, throw off and oth.)
by given regulation laws. The depth and completeness of
gas turbine engine components presentation and
interaction define the level of corresponded
mathematical model. Conditionally the followed gas
turbine simulation levels (table 1) can be defined.
The zero level corresponds to description of engine
parameters and performances with help of tables, formal
approximations and statistic dependencies. This level
presents interest only for problems, where gas turbine
engines have been included as one of subsystem for
more complex system (for example, for performance
investigation of whole aircraft).

The first level corresponds to 1D description of
connections between engine components and engine
geometry with help of integral balances of mass flows,
powers, etc. Here it's worth to differ steady and unsteady
models. Steady models of the first level simulation were
presented in monographs [10,11] and papers [12,13].
Simple unsteady models of the first level were described
also in papers [12,13]. More accurate unsteady models
based on Euler equations with turbomachines
presentations as active and passive whirl discs were
considered in papers [14-16].

The second level corresponds to 2D description of
the connections between engine components and engine
flow passage. A few models must be defined in more

details. One of them is the flow passage model on S,
surface (as the traditional turbomachinery definition).
This model bases on unsteady averaged along circular
direction 2D Euler equations includes real effects of
viscous losses, leakages and a selection of blowing out
of cooling air as source terms in the right parts of

equations. Another is the flow passage model on 31

circular surface in various thickness layer, base also
on unsteady averaged along radial direction 2D Euler

equations with the same real effects. The second
level of gas turbine engine simulation included
the similar models on S, and S, surfaces,

The levels of gas turbine engine mathematical models

3D - Navier-Stokes with

averaging in axial clearances

0 level

//%////; s
II level
III level

3D - Euler without any
averaging

3D - Navier-Stokes
without any averaging

Table 1




averaged along circular and radial direction.

The third level corresponds to 3D description of the
connection between engine components and engine flow
passage. It bases on the integration of Euler and Navier-
Stokes equations. Here there are differed the just more
simple models with circular direction averaging on one
surface in the middle of axial clearances between
neighborhood rows and the most complex full 3D
unsteady models.

Detail descriptions of the second and third levels
models are presented in this lecture series. It's worth to
emphasize, that up to present time the prediction of
performances designed gas turbine engines based on the
zero or the first levels models and were not very
accurate. Therefore some number of experiment engines
must be produced for investigating performances before
certification and production (this number can be up to
10 and more). Wide using of high levels mathematical
model on initial stages of new engine design allows
sufficiently to reduce the time and cost of new engine
development and, in particular, to reduce the number of
experiment engines up to a few (two or three). The high
level models must accompany the all life of new engines
(included design, certification, serious production, any
modification and exploitation).

Central Institute of Aviation Motors (CIAM) has
valuable experience and high level scientific staff for
solving complex aerodynamics, heat transfer and
strength problems for any components of high
temperature aircraft gas turbine engines. Wide use of
modern computational technologies allows us to get
high efficiency of engine components and whole engine.

Overview

The lecture series illustrates the numerical
simulation peculiarities, mentioned above in this
introduction. The series may be divided conditionally in
two parts. The first part (the lectures 2 through 5) has a
more theoretical character. It describes the bases of
theory for monotone high accuracy CFD methods and
formulates some important problems of gas turbine
engine process simulation. The second part (the lectures
6 through 10) presents many typical results of solution
2D and 3D gasdynamic and heat transfer problems,
connected with gas turbine engine design.

The next lecture (by Prof. M. Ja. Ivanov, Dr. V. G.
Krupa and Dr. R. Z. Nigmatullin) presents some
important questions of theory for highly accurate
monotone CFD methods. There Conditions for
definition of monotone, TVD and following difference
schemes are considered . Some details for high order of
accuracy and implicit scheme's construction are
described. At the end of this lecture numerical results
illustrate possibilities of applied difference methods.

In the third lecture (Dr. V. G. Krupa and Prof. M.
Ja. Ivanov) there a detailed description of developed
method for integration 3D Navier-Stokes equations,
averaged by Reynolds is presented. Two differential
equations turbulence model is used. Some test solutions
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of 2D and 3D viscous flow problems are presented for
verification of numerical codes.

The fourth lecture (by Dr. R. Z. Nigmatullin and
Prof. M. Ja. Ivanov) describes the mathematical models
of flow passages for gas turbine engines and its

components of various levels. First two-dimensional S1

and S, models are presented and famous features of

numerical algorithms are discussed. Then 3D approach
with averaging in angular direction in the middle of
axial gaps is considered.

In the fifth lecture Dr. V. K. Kostege presents
simulation of multidisciplinary  problems for
thermostress state of high temperature cooled turbines.
The steady and unsteady temperature fields are
calculated in results of solution conjugate heat-hydraulic
tasks for blade (quasi-3D model), for disk (2D model)

-and whole cooled rotor (3D model). Thermostress

problems are solved by Finite Element Method for real
complex geometry of turbomachine components.

As mentioned earlier the second part of this Lecture
Series presents many practical results of numerical
simulation of gas dynamics, heat transfer and stress.
problems for gas turbine engine design.

Dr. R. Z. Nigmatullin delivers his lecture as a
review of the different applications of 2D and 3D model
of flow passage's simulation in  multistage
turbomachines, whole core and other multicomponent
problems.

Dr. V. G. Krupa presents the results of viscous
turbulent flow simulation in turbomachine components.
He emphasizes the treatment of boundary conditions,
grid generation and turbulence modeling. Results of 2D
and 3D viscous cascade flow and stator -- rotor
interaction are presented. Numerical results are widely
compared with available experimental data.

Dr. V. K. Kostege will deliver two lectures on a
subject of application and verification of the
multidisciplinary model of thermostress state for the
cooled turbine rotor and stator components. Presented
code package allows to carry out cooling system
optimization and comparison of alternate cooling
systems on design stages of high temperature gas
turbine engines.

The last lecture presents the perspective problems of
gas turbine engine simulations. Some review of
perspective CIAM's researches in aeropropulsion
systems is considered. In particular, the Computer
Turbojet Test Technology based on aeroengine high 3D
level simulation is presented. Some results for a big
steam turbine are described. This lecture contents also
the conclusion of Lecture Series.
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On the CFD monotone high accuracy methods

by

Prof. M. Ja. Ivanov, Dr. V. G. Krupa, Dr. R. Z. Nigmatullin
CIAM (Central Institute of Aviation Motors)
2, Aviamotornaya St.,
Moscow, Russia, 111250

Abstract

Some theoretical fundamentals of monotone high
accuracy methods are presented. The conditions for the
construction of monotone, total variation diminishing
(TVD) and following difference schemes are described.
The peculiarities of high accuracy and implicit methods
design are given. The typical results of numerical
solutions illustrate the principal features of developed
computational techniques.

truncation error
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Nomenclature

time

space coordinate

convection speed
determined function

value of determined function
on the cell boundaries

flux function

value of function f on the cell
boundaries

pressure

velocity

Mach number

time step

space step

coefficient of difference
equation

relationship of differences
limiting functions
parameter of limiting function
Courant number
parameters, characterizing
approximation accuracy in X
direction

parameters, characterizing
approximation accuracy in /
direction

amplification factor

phase angle

J - cell number in X direction
q - current index
Superscripts
n - number of solution layer in ¢
direction
-+ - parameters from the left and

right cell boundaries

Introduction

Computational fluid dynamics (CFD) offers one of
the most promising engineering tools for the design and
development of aircraft, missiles, turbomachinery,
propulsion systems etc. With the current maturity of
CFD development the reader can get acquainted full
enough, for example, from recently published
monographs [1,2] and reviewed papers, contained in the
special issues of Journal "Aerospace America" [3,4].
These publications present in detail the CFD
achievements of foreign researchers (from West Europe
and North America), but the. CFD development in
Russia is considered just shortly. Below we'll try to
present a few Russian papers, which contain interesting
results of effective monotone and high accuracy CFD
methods development.

The theory of monotone difference methods for fluid
dynamics equations solution started from the pioneering
work of Russian scientist S. K. Godunov in the late
1950's [5,6]. The first stage of their development and
wide application was presented in detail in the
monograph, published in Russian in 1976 [7] and in
French in 1981 [8]. The famous original properties of
Godunov's method were not only monotonicity, but
conservativeness (shock capture method) and procedure

Paper presented at an AGARD Lecture Series on
“Mathematical Models of Gas Turbine Engines and their Components”, December 1994.
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of arbitrary " discontinuity break down" (the analogy of
Rieman problem). The last procedure allows to follow
closely the local flow structure on each cell boundary.

The other perspective direction of CFD difference
methods became the construction of nonlinear difference
scheme. Ones of the first works in this direction were
the papers [9,10]. In these papers the limiting functions
were introduced for the conservation of qualitely right
behavior of numerical solutions.

The high order of accuracy CFD methods were
developed in papers [11,12], where the idea of the
Runge-Kutta methods construction was used.

Compact difference schemes on minimum points
support were considered in papers [13,14].

We would like to describe in more detail the papers,
in which monotone difference schemes were developed.

The original Godunov method used the piecewise
constant parameters distributions into each cell of grid.
This method has only the first order of accuracy. The
realization of a more accurate variant of the Godunov
method with the piecewise linear parameters
distributions into cells was proposed at the first by V. P.
Kolgan and published in the paper [15]. This difference
scheme has the second order of accuracy for space
variables. In the paper [15] also the "minimum
derivatives principal" was applied, that gave the
nonlinear scheme with the simple limiting functions.
The concept of the limiting functions (as the flux
limiting) was independently advanced in the works
[16,17], which are known very well to CFD researchers.

The monotone second order accuracy schemes were
developed also in papers [18,19].

The total variation diminishing (TVD) difference
schemes, introduced by A. Harten [20], became very
popular CFD tool in the last decade. The general
conditions for the constructions of TVD schemes have
been stated and proved in paper [21]. These conditions
are similar to the conditions of monotonicity.

The modification of Godunov's method with the
piecewise parabolic parameter distributions into cells
was developed by P. Gollela and P. Woodward [22]. The
implicit variants of Godunov's method with the
piecewise linear and parabolic parameters distributions
into cells for integration Euler and Navier-Stokes
equations were considered in papers [23,24].

The paper [25] describes the method with the
piecewise cubic parameters distributions into cells for all
independent variables.

This lecture presents some peculiarities of effective
CFD method construction. It's worth to emphasize the
main features of these modern numerical methods. They
are based on finite difference schemes, which are:

1)conservative
2)monotone
3)following

4)high order accuracy
5)implicit

Conservative schemes allow to apply the shock
capture technique for discontinuous flow simulations:
monotone schemes transform any monotone difference
functions into monotone functions; the schemes with the
following property select the physically relevant

solution; high order accuracy schemes allow to use
coarser grids in comparison with lower order accuracy
schemes; implicit schemes eliminate restrictions for
steps of integration.

The numerical codes using described effective
methods allow to solve many engineering problems on
wide spread computers of middle class of efficiency.

1. Monotone, TVD and following difference

methods (the linear case)

In order to present the essentials of the methods let
us begin with a simple linear convective equation,
written here as follows

ou  ou
—+a—=0 a=const >0 (L.D)
o ox

where u is unknown function of (x, #) and a is a

convection speed. This is a typical first-order hyperbolic
equation and an initial value problem of this equation
has initial condition

u(x,0) = uy(x) —00 < X <00

We have for (1.1) along the characteristic lines

dx du

a=— —=0 u=const 1.2
i dr 2

Using (1.2) it's easy to see that if u,(x) is
increasing monotonically, then

u(x;,t)<uy(x;) for 120 (1.3)
and if #,(x) is decreasing monotonically, then

u(x;,1)2ug(x;)  for 120 (1.4)

where Xx; = jh , h - the space step, j - the point

number.
A general two-level explicit scheme for equation
(1.1) can be written as

ml _ n
uit = Zch”j+q (1.5)
g=-

which has 20+ point support, and

n_ n+l __ ( )
uj~u(xj,t) u;” =ul\x;,t+1),

where 7 - the time step.
An implicit scheme may have the same form (1.5)
if solved relatively to unknown mesh function u}’“ [5].

Russian scientist S. K. Godunov presented
convenient a criteria of monotonicity preserving
schemes [5,7] :




The difference scheme (1.5) transforms any given
monotone function into a monotone function with the

same growth direction if and only if all coefficients C,

are non negative

¢, 20 (16)

Proof. Let ¢, 20 and #; is monotone function.
For example it's increasing monotonically, i.e. for all j

Au;' = u;7+1 - u;? > 0. Then

ntl _ on+l o on+l _
AT =ul Uy

Qo Y

_ n _ n —

- Z Cqlljrg+1 Z Cqllj+q
9=-Q q=-Q

Q
= Z Cq (u;"+q+1 - u;+q) =

= Y cAuf, >0 (L7

The sufficient condition has been proved. The necessary
condition follows from the next example. Let

g < 0 and
uj'7 =1 for j>gq,

uJ" =0 for j<gq,

Then

n+1 n+l n+l
= - = <
Au‘?o g+l uqo qu <0

and monotonicity of numerical solution will be
destroyed. This completes the proof of monotonicity
preserving criteria.

It's well known also for solution (1.1) that the total

variation
%FX (1.3)
x .

TV (u(t)) < TV (u(t,)) (1.9)

for £ >1,

TV(u)=T

can't increase with time, i.e.

The idea of scheme design with total variation
diminition was proposed by A. Harten [20].
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The discrete total variation is\

(1.10)

)= |
j

A finite difference scheme is called Total Variation
Diminishing (TVD) scheme, if it satisfies a discrete
version of (1.9), that is

V@™ <TV (u)) (1.11)

For the linear case TVD schemes identify to
monotone schemes [20]. In the next section it will be
shown also for the nonlinear case, that the TVD
conditions are the same as the conditions of
monotonicity.

Now we consider more strict class of "following"
schemes [25], which satisfy the conditions (1.3), (1.4).
There conditions for discrete functions are rewritten as
follows

n+l n
ui™ <uj (1.12)

for monotone increasing discrete functions  with

Au7l 20 and

uit > uf (1.13)
for monotone decreasing discrete functions with
Au? <0.

If for difference scheme the relations (1.12), (1.13)
are fulfilled, then the scheme is following .

We will obtain the conditions for following schemes
for equation (1.1), when these schemes are written in
the form (1.5) and conservative form (in the next
section). Previously it has been emphasized that the

coefficients o in (1.5) are obviously not arbitrary and

have to satisfy a certain number of consistency
conditions, following from approximation requirements
and depending on the order of accuracy (see, for
example, [1] ). The first of consistency condition under
the form

(1.14)

is obtained easily from the requirement that the function
u =const should be a solution of (1.5). Thus the
scheme (1.5) can be written as

Q
ntl _ on n__.n
uj _uj Zcq(uj ”J’+q)
q9=—Q

(1.15)
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For monotone increasing discrete function u;’

(Au} > 0) the condition (1.12) leads in the case of
scheme (1.15) to

Y
¢, (u;.’—u;'+q) >0 (1.16)
0

q==

We can see that (1.16) will be satisfied if and only if

¢, 20 for -0<qg<0
(1.17)

¢, <0 for 0<qg<Q

From (1.6) and (1.17) we obtain the necessary and
*sufficient conditions for monotone following schemes in
the form (1.5) as follows
c,=0 for 0<g<Q
(1.18)

c; 20 for -0<q<0

For monotone decreasing discrete function from the
condition (1.13) we have